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abstract 


It  has  been  demonstrated  in  Reference  1  that  the  controlling  crack  growth 
criterion  in  stress  corrosion  cracking  is  that  derived  from  fracture  mechanics 
concepts  and  not  a  criterion  based  on  gross  or  net  stress.  This  demonstration 
was  accomplished  by  testing  two  types  of  cracked  specimens  and  showing  that 
crack  arrest  and  crack  initiation  stress  intensities  are  the  same  while  gross 
and  net  stresses  are  different.  However,  these  tests  were  performed  on 
thick  section  material.  The  work  reported  herein  was  intended  to  check  the 
validity  of  the  correlation  between  arrest  and  initiation  stress  intensities 
using  thin  section  material  having  higher  toughness  and  lower  yield  strength 
than  the  material  previously  tested.  The  results  showed  crack  arrest  stress 
intensities  were  substantially  higher  than  those  for  crack  initiation  when 
testing  thin  materials.  It  was  also  observed  from  the  test  results  that  when 
testing  titanium  materials,  testing  must  be  accomplished  as  soon  as  possible 
after  fatigue  cracking  to  eliminate  any  possible  effects  of  crack  blunting. 

This  abstract  may  be  distributed  without  limitation. 
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SECTION  I 


INTRODUCTION 


Over  the  past  decade  considerable  research  effort,  both  experimental  and 
analytical,  has  been  expended  to  develop  techniques  for  evaluating  a  material's 
resistance  to  crack  growth.  This  effort  has  been  successful  in  defining  the 
necessary  test  parameters  for  repetitively  determining  ambient  (normal  labo¬ 
ratory)  environment  plane  strain  fracture  toughness  numbers,  Kjc.  With 
varying  degrees  of  success,  fracture  toughness  techniques  have  been  applied 
when  the  sample  material  was  subjected  to  other  test  conditions,  e.  g.  ,  corro¬ 
sive  environments,  varying  load  spectrums,  and  thin  section  plane  stress 
conditions. 

These  other  types  of  tests  have  resulted  in  (1)  the  development  of  some 
still  unaccepted  formulas  for  crack  growth  (fatigue  crack  growth  laws),  and 
(2)  much  test  data  presented  in  the  literature  of  questionable  value  (thin  sec¬ 
tion  results).  However,  research  efforts  attempting  to  define  test  require¬ 
ments  and  test  interpretation  in  these  areas  are  continuing. 

In  the  area  of  stress  corrosion  cracking  (SCC)  it  has  recently  been 
demonstrated  that  the  controlling  strength  parameter  for  defining  SCC  is  that 
of  stress  intensity  as  defined  by  fracture  mechanics  (see  Reference  1).  In  the 
past  most  SCC  test  results  were  developed  in  terms  of  gross  or  net  stress. 

The  emphasis  on  the  fracture  mechanics  approach  to  SCC  was  prompted  by  a 
near  calamity  in  the  initial  selection  of  materials  for  the  supersonic  transport 
(SST)  airplane.  Most  of  the  candidate  materials  for  the  SST  had  been  shown  to 
be  insensitive  to  corrosive  attack  by  salt  water.  However,  these  results  had 
been  developed  from  tests  on  uncracked  test  samples.  It  was  subsequently 
found  that  when  a  crack  was  introduced  into  a  sample  and  the  sample  placed 
in  a  corrosive  environment  the  load  carrying  capacity  of  the  cracked  panel 
was  considerably  reduced.  This  event  naturally  required  that  specimens  be 
evaluated  from  a  fracture  mechanics  point  of  view  with  results  presented  in 
terms  of  stress  intensity  factors  instead  of  stress. 

A  recent  demonstration  showing  that  stress  intensity  factor  and  not  gross 
or  net  stress  is  the  controlling  criterion  for  SCC  crack  growth  was  performed 
by  Smith,  Piper,  and  Downey  on  wedge  force  (WF)  specimens  (see  Reference  1 ). 
In  the  WF  specimen  under  constant  applied  load,  as  the  crack  grows  the  stress 
intensity  factor  (K)  decreases  while  the  net  stress  increases  up  to  a  crack 
length  of  approximately  one  half  the  width  of  the  specimen.  In  the  tests  by 
Smith  et  al.  ,  the  WF  specimens  were  loaded  to  K  levels  above  Kjscc 
threshold  for  crack  initiation  (as  determined  from  center  cracked  (CC)  speci¬ 
men  results),  and  a  salt  water  solution  placed  around  the  crack.  The  cracks 
grew  for  some  time  and  then  arrested.  The  resulting  K  levels  at  arrest  were 


then  compared  with  crack  initiation  data.  The  initiation  data  from  the  CC 
specimen  and  the  arrest  data  from  the  WF  specimen  compared  favorably  with 
each  other. 

Another  line  of  reasoning  to  demonstrate  that  K  and  not  stress  is  the 
controlling  variable  goes  as  follows.  As  the  crack  grows  the  net  section  stress 
increases,  the  gross  section  stress  remains  the  same,  and  K  decreases.  If 
the  crack  stops,  then  K  must  be  the  controlling  variable  since  it  is  the  only 
quantity  that  decreases. 

An  immediate  extension  of  the  good  correlation  in  a  corrosive  environment 
between  arrest  K  and  initiation  K  (henceforth  called  K agcc  and  K.  respectively) 
is  to  use  the  WF  specimen  for  developing  threshold  initiation  dataS.C<Tvtuch 
threshold  SCC  data  has  been  generated  by  testing  large  numbers  of  fracture 
toughness  specimens.  Such  results  are  usually  plotted  as  K^gcc  versus  time  to 
failure.  Several  specimens  were  required  to  define  the  threshold  value  below 
which  crack  initiation  in  a  corrosive  environment  would  not  occur.  Using  a  WF 
specimen,  only  one  specimen  would  be  required  to  define  the  threshold  value  of 
K  for  initiation  if  K.  and  K  are  equal.  However,  indiscriminate  appli- 

1S  C  C  aSCC  1  r  r 

cation  of  this  concept  may  lead  to  difficulty.  If  one  considers  that  a  crack  is 
affected  by  only  its  immediate  preceeding  history,  then  a  question  is  posed  as 
to  why  a  correlation  should  exist  between  initiation  and  arrest  data.  As  a  crack 
grows  in  a  material,  the  region  immediately  ahead  of  the  crack  is  quickly 
raised  to  a  high  stress/strain  level.  That  is,  the  amount  of  material  that  feels 
the  pronounced  effect  of  the  crack  is  only  that  material  within  a  small  region 
around  the  crack  tip.  By  the  same  token  the  crack  tip  itself  is  only  affected  by 
a  small  amount  of  material  immediately  around  it.  Thus,  a  moving  crack  tip 
is  only  affected  by  the  immediate  past  stress  history. 

In  the  case  of  a  crack  in  a  CC  specimen  the  preceding  history  of  the 
crack  is  one  of  lower  K  values  while  an  arrest  crack  in  a  WF  specimen  has 
a  history  of  higher  K  levels.  It  is  then  conceivable  that  an  arrested  crack  may 
"blunt11  before  lowering  to  K*gcc.  The  word  "blunt"  infers  the  crack  will  no 
longer  have  the  sharpness  of  a  fatigue  crack.  It  has  been  shown  that  the  degree 
of  sharpness  of  a  fatigue  crack  is  dependent  on  the  magnitude  of  the  stress 
used  to  move  the  crack  (see  Reference  2).  High  fatigue  cracking  loads  produce 
less  sharp  or  blunter  crack  tips.  These  blunter  crack  tips  require  higher 
stress  intensities  to  move  them.  Many  researchers  in  the  area  have  used 
blunting  of  the  crack  tip  to  define  many  processes  by  which  crack  growth  is 
inhibited. 

The  purpose  of  the  investigation  reported  herein  was  to  determine  if 
blunting  of  a  moving  crack  will  cause  the  crack  to  arrest  at  a  higher  K  level 
than  the  K  level  required  for  initiation.  If  indeed  this  does  occur,  one  would 
expect  to  find  this  blunting  in  thin  material  under  plane  stress  conditions.  It 
would  most  likely  occur  under  plane  stress  conditions  since  under  such  con- 
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ditions  there  is  less  constraint  on  the  crack  faces  than  under  plane  strain  con 
ditions.  To  investigate  this  possibility,  CC  and  WF  specimens  of  0.028  inch 
thick  T1-5A1-2.  5  Sn  were  fabricated  and  tested. 
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SECTION  II 


BACKGROUND  DATA 


In  Reference  1,  a  good  correlation  was  demonstrated  between  the  stress 
intensity  at  crack  initiation  in  a  corrosive  environment,  K.  ,  and  the  stress 

•  •  i  .  1SCC 

intensity  at  crack  arrest  in  a  corrosive  environment,  Kagcc.  These  data 

resulted  from  tests  performed  on  mill  annealed  Ti-8A1-1  Mo- IV.  The 

material  had  a  yield  strength  (Y.  S.  )  of  145  ksi  and  was  0.  16  inch  thick.  K 

*  ~  St  s  c  c 

was  found  to  be  20  to  22  ksi  J  in  and  K.  was  found  to  be  between  20  and 
r  i  •  n —  v  iscc 

25  ksiy  m  . 

For  determining  plane  strain  fracture  toughness  numbers,  K^,  it  has 
been  determined  that,  to  obtain  valid  test  results,  a  specimen  thickness 
greater  than  2.  5  (Kjc/Y.S.  )2  is  required  (see  Reference  2).  Taking  this 
criterion  and  applying  it  to  the  above  SCC  data  by  substituting  K.gcc  for  , 
one  finds  the  thickness  requirement  for  Ti- 8A1- IMo- 1 V  to  be  0.06  inch.  C 
Comparing  this  value  to  the  0.  16  inch  thickness  of  the  tested  material,  one 
can  conclude  the  specimen  crack  fronts  in  Reference  1  were  sufficiently 
constrained  so  as  to  respond  in  a  plane  strain  manner.  Under  these  conditions 
one  could  expect  to  have  good  correlation  between  K.  and  K  since  an 

increase  in  thickness  greater  than  2.  5  (K/Y.S.  )*  does  not  change  the  response 
of  the  crack  tip. 

In  order  to  determine  if  this  correlation  exists  for  all  combinations  of 
toughness,  thickness  and  specimen  configurations  it  would  be  desirable  to 
test  a  much  tougher  type  of  material.  The  Ti- 8A1- 1  Mo- 1  V  tested  by  Smith 
et  al.  ,  was  high  strength,  low  toughness,  thick  sectioned  and  highly  SCC 
sensitive.  The  material  selected  for  this  program,  Ti-  5A1-2.  5  Sn,  has 
lower  strength,  higher  toughness  (approximately  60  ksi  y/  in  versus 
approximately  35  ksiy/  in'  for  mill  annealed  Ti- 8A1- 1  Mo- 1 V),  a  higher  Kjgcc 
value  (29  versus  22  ksi  \j in  )  and  was  available  in  a  thinner  section 
(0.  028  inch). 
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SECTION  III 


PROCEDURE 


Two  types  of  SCC  specimens  were  tested,  a  three  inch  wide  center  cracked 
(CC)  specimen  and  a  six  inch  wide  wedge  force  (WF)  specimen  (See  Figures  1 


and  2).  Tensile  tests  were  performed  to  obtain  base  line  data  for  the  material. 


All  specimens  were  taken  from  the  transverse  direction  of  one  sheet  of  T1-5A1- 
2.  5  Sn.  The  material  was  in  the  annealed  condition,  i.  e.  ,  1500°F/2  hr.  ,  air 
cooled. 

Center  Cracked  Specimens 

The  CC  specimens  were  fatigue  cracked  in  tension-tension  loading  on  a 
Schenck  fatigue  machine.  The  final  maximum  fatigue  cracking  load  was  always 
less  than  that  used  during  the  static  SCC  testing.  The  specimens  were  removed 
from  the  machine  and  a  plastic  cup  was  placed  around  their  test  section.  The 
cup  was  sealed  with  a  mixture  of  paraffin  wax  and  rubber  cement. 

Testing  was  accomplished  in  a  self  leveling  creep  frame.  A  3.  5  percent 
NaCl  solution  was  placed  in  the  cup  just  prior  to  loading  the  specimen.  Once 
the  fatigue  crack  was  immersed  in  the  salt  solution  the  load  was  manually 
applied  to  the  specimen  and  a  clock  was  started.  The  loading  took  Jess  than 
half  minute.  In  all  cases,  if  the  crack  was  going  to  grow,  it  started  immediately. 
No  cases  were  observed  where  the  crack  was  stationary  for  a  minute  or  more 
and  then  started  to  move.  If  the  crack  initiated  and  grew,  it  grew  to  failure. 

In  those  cases  where  the  crack  did  not  grow,  the  specimens  were  removed  from 
the  creep  machine  and  refatigue  cracked  and  tested  again.  Stress  intensity 
factors  were  calculated  using  the  equation  from  Reference  2, 

K  =  P  a  [  1.77  +  0.277(2a/W)  -  0.  51(2a/W)2  +  2.  7(2a/W) 3]  /BW  (1) 
Wedge  Force  Specimens 

The  wedge  force  specimens  were  tested  in  generally  the  same  manner  as 
the  CC  specimens  (See  Figure  3).  The  same  fatigue  machine  and  creep  frame 
were  employed.  The  specimens  were  fatigue  cracked,  removed  from  the 
fatigue  machine,  surrounded  by  a  plastic  cup,  sealed  with  wax,  tested,  and  if 
no  crack  growth  occurred,  refatigued,  etc.  Stress  intensity  factors  were 
calculated  using  the  equation  from  Reference  3; 


K 


(2) 
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Figure  1.  Center  Cracked  Specimen 
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Figure  2.  Wedge  Force  Specimen 


where; 


a,  H,  B,  Y,  W  -  defined  in  Figure  2 
P  -  load 

fj.  -  Poisson's  ratio 

The  SCC  results  of  Reference  1  were  developed  by  using  equation  (2)  but 
without  the  finite  height  correction,  G^j.  However,  for  the  specimens  tested 
in  Reference  1  this  correction  would  be  a  maximum  of  about  5  percent  for  a 
crack  length  of  half  the  sample  width  and  less  for  shorter  cracks.  Since,  for 
cracks  larger  than  half  the  width,  K  is  increasing  with  a,  the  correction  of  the 
WF  results  in  Reference  1  would  always  be  less  than  five  percent. 
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Figure  3.  Wedge  Force  Specimen  Test  Set-Up 
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SECTION  IV 


RESULTS 


The  results  of  the  tensile  tests  are  presented  in  Table  I.  These  results 
are  for  specimens  taken  transverse  to  the  rolling  direction  of  the  sheet.  All 
data  presented  in  this  report  are  for  specimens  oriented  in  this  direction. 


TABLE  I 

Tensile  Test  Results  of  Ti-5Al-2.  5  Sn  (Transverse) 


Ultimate 

Yield 

Elongation 

Strength 

Strength 

(%  in  2  in.  ) 

(ksi) 

(ksi) 

141.  6 

130.4 

15.  3 

144.6 

134.4 

14.6 

142.9 

132.  8 

15.  5 

The  results  of  the  SCC  crack  initiation  tests  from  the  CC  specimens  are 
presented  in  Table  II.  ^hese  data  indicate  a  K-scc  value  of  28.  5  ksi  V  in ' . 
This  value  compares  with  the  value  of  29.  5  ksi  V  in’  presented  in  Ref¬ 
erence  4. 


TABLE  II 

SCC  Crack  Initiation  Results 


Initial 
Applied  K 
(ksi  in'  ) 


Time  To 
Failure 
(min) 


49.2 

31.2 
30.  2 
29.  1 
28.  8 
28.  5 
25.  3 


2.  5 
4.  3 

3.  7 

No  failure  in  3  hrs. 

4.  3 

5.  0 

No  failure  in  24  hrs. 


The  results  of  the  SCC  crack  arrest  tests  performed  on  the  WF  specimens 
are  presented  in  Table  III.  These  results  do  not  represent  all  the  testing  per¬ 
formed.  Some  data  points  were  eliminated  because  the  crack  front  history 
could  not  be  observed  on  the  fracture  face  of  the  specimen  after  the  specimen 
had  been  failed.  The  table  presents  the  results  of  each  crack  front  as  a  separate 
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data  point.  In  some  cases  the  history  of  only  one  crack  front  is  presented  from 
a  given  test.  Also,  in  some  cases,  the  two  half  crack  lengths  were  not  of 
equal  length.  However,  this  should  not  affect  the  results  since  the  cracks  were 
of  considerable  length  and  the  load  was  applied  in  the  center  of  the  two  half 
crack  lengths.  In  order  for  the  length  of  one  crack  front  to  affect  the  other, 
the  change  of  crack  opening  displacement  from  one  front  would  have  to  impose 
a  constraint  on  the  other  half  crack.  Considering  the  lengths  of  the  cracks  and 
the  location  of  the  load  point,  this  effect  is  negligible. 


TABLE  HI 


Crack  Arrest  Data  from  Wedge  Force  Specimens 


Half  Crack 

K 

K 

K 

Crack 

Spec.  Length 

Initial 

Lowest 

Final 

Growth 

Data 

No.  Initial 

(ksi  Y^n 

)  (ksi  Yhi  ) 

(ksiY'in') 

(in. ) 

Point 

(in. ) 

6  0.  90 

30.  2 

30.  2 

None 

1 

1.  52 

33.  0 

33.0 

0.  02 

2 

1.  72 

33.  7 

33.  7 

None 

3 

1.  78 

30.  5 

To  failure 

4 

3  0.45 

a 

47.0 

To  failure 

5 

4  0. 48 

a 

42.  0 

To  failure 

6 

7  0.  72 

28.  6 

28.  6 

None 

7 

0.  80 

35.  0 

35.0 

None*5 

8 

0.  90 

35.  0 

34.  4 

0.  57 

9 

0.  90 

35.  0 

34.  2 

To  failure 

10 

2  0.  77 

28.  8 

28.  8 

0.  05 

1 1 

0.  80 

29.  6 

29.  6 

0.  03 

12 

1.  40 

32.  2 

32.  2 

0.  02 

13 

8  0.  80 

34.  5 

34.  5 

None 

14 

0.  73 

34.  8 

34.  1 

0.  21 

15 

1. 00 

34.  5 

34.  5 

None 

16 

1.  05 

34.  5 

34.  3 

0.  05 

17 

1.05 

36.  2 

36.  2 

None*5 

18 

1.  20 

35.  9 

35.  9 

None*5 

19 

1.  12 

36.  0 

35.6 

To  Failure 

20 

1.  30 

35.  7 

35.6 

To  Failure 

21 

1  0.  70 

35.  8 

34.  3 

0.  42 

22 

0.  70 

35.  8 

34.  0 

0.  65 

23 

a  Crack  too  short 

at  initiation 

b  Specimen  sat  overnight  or 

longer  before  testing 
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SECTION  V 


DISCUSSION 

The  results  in  Table  II  indicate  that  the  threshold  stress  intensity  above 
which  crack  growth  will  initiate  in  a  3.  5  percent  NaCl  solution  is  around  28.  5 
ksi  \J in  .  As  previously  stated,  this  value  agrees  well  with  other  reported 
data.  Both  the  initiation  data  developed  for  this  report  and  the  data  from 
Reference  4  were  developed  using  the  center  cracked  specimens.  As  will  be 
shown  later,  the  results  of  initiation  tests  may  be  affected  by  the  slope  of  the 
K  versus  crack  length  (a)  curve  of  the  specimen  employed. 

From  the  crack  arrest  results  presented  in  Table  III,  a  threshold  value 
of  34.  5  ksi\/In"  is  obtained  for  Kascc.  See  data  points  9,  15,  22,  and  23. 
Above  this  value  crack  arrest  will  not  occur  if  proper  test  procedures  are 
followed.  Any  cracks  that  initiate  below  34.  5  ksi  \fia  are  quickly  arrested 
if  their  lengths  are  less  than  1.  5  inches.  Above  1.  5  inches  the  slope  of  this 
K  versus  (a)  curve  rises  sharply  (see  Figure  4).  The  difference  between  the 
crack  arrest  threshold  and  the  crack  initiation  threshold  is  about  20  percent. 
The  possible  reasons  for  this  difference  must  now  be  explored. 

Reasons  for  Results 


The  first  possible  reason  for  the  observed  results  is  that  the  stress 
intensity  factor  equation  for  the  WF  specimen  is  inaccurate.  However,  the 
crack  arrest  data  helps  disprove  the  possibility.  In  the  range  between  28.  5 
and  34.  5  ksi^  in  ,  for  cracks  less  than  1.  5  inches  in  length,  there  is  a  small 
amount  of  crack  growth  (see  data  points  11,  12,  and  13).  The  small  crack 
growth  at  the  lower  K  levels  gives  tacit  confirmation  to  the  correctness  of  the 
equation  for  the  WF  specimen.  Since  crack  initiation  tests  on  the  CC  specimens 
generally  produced  crack  growth  above  28.  5  ksi  \J  in  ,  and  for  values  of  K  in 
this  neighborhood  using  the  WF  specimen  there  was  a  small  amount  of  crack 
growth,  one  can  conclude  that  K  was  above  or  around  28.  5  ksi  \J  in  .  Also, 
considering  the  good  correlation  demonstrated  for  Kascc  and  ^^scc  results  by 
Smith,  et  al.  using  the  CC  and  WF  specimens  on  mill  annealed  Ti-8-1-1,  one 
must  conclude  the  equation  for  the  WF  specimen  is  correct. 

Another  possible  reason  for  a  difference  between  Kjgcc  and  Kagcc  will 

now  be  considered.  In  both  the  WF  specimen  and  the  CC  specimen  the 

immediate  previous  history  of  a  moving  SCC  crack  is  one  of  SCC  propagation. 

Therefore  if  the  arrested  crack  is  stopped  by  blunting  of  the  crack  front,  the 

same  thing  should  happen  for  the  initiated  crack  front,  i.  e.  ,  it  should  blunt 

immediately  upon  moving  away  from  the  fatigue  crack  and  then  not  move  again 

until  K  exceeds  K  -  There  are,  however,  other  effects  that  must  be  con¬ 
us  c  c 

sidered.  The  degree  of  blunting  is  proportional  to  the  applied  K  level.  Con¬ 
versely,  the  K  level  required  to  overcome  a  given  degree  of  blunting  is  propor- 
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tional  to  the  degree  of  blunting.  Also,  blunting  of  a  moving  crack  is  time  de¬ 
pendent  if  the  material  in  which  the  crack  is  embedded  is  strain  rate  sensitive; 
that  is,  the  material  at  the  tip  of  such  a  crack  is  being  quickly  raised  to  a 
high  strain  level  as  the  ligament  fractures.  Strain  rate  sensitive  materials 
will  initially  respond  elastically.  The  constraint  caused  by  the  elastic  re¬ 
sponse  will  tend  to  hold  the  crack  faces  closed  and  suppress  blunting.  There¬ 
fore,  the  degree  of  blunting  is  depending  on  the  applied  K  and  the  time -history 
of  the  crack. 

Referring  to  Figure  4,  one  can  see  that  the  slope  of  the  K  versus  crack  length 
curve  is  very  steep  for  the  CC  specimen.  With  the  CC  specimen  the  crack 
initiates  from  a  sharp  fatigue  crack  and  starts  to  grow.  After  initiation  the 
tendency  is  for  the  crack  to  blunt  to  the  degree  dictated  by  the  applied  K-time 
history  and  stop.  By  this  time,  however,  the  crack  is  at  a  much  higher  K 
level  because  the  crack  length  has  changed.  This  higher  K  combined  with  the 
SCC  effects  is  able  to  overcome  the  blunting  caused  by  the  lower  K-time  history 
and  drive  the  crack  forward.  Because  of  the  steep  rise  of  the  K  versus 
crack  length  curve  (combined  with  the  SCC  effects)  the  crack  growth  is 
sustained.  However,  in  the  WF  specimen  for  a  considerable  period  of  crack 
growth  the  slope  of  the  K  versus  crack  length  curve  is  of  opposite  sign  or  is 
less  steep  than  that  for  the  CC  specimen.  In  this  specimen  the  same  three 
processes  are  operative,  i.  e.  ,  the  crack  driving  force  of  K,  the  crack  driving 
force  of  SCC,  and  crack  arresting  force  of  the  blunting.  Since  in  the  WF 
specimen  the  history  of  the  crack  front  has  usually  been  at  a  higher  K  level, 
and  the  blunting  must  be  overcome  by  the  same  two  forces  (K  and  SCC),  one 
can  see  why  K  is  now  higher  than  K*  .  Blunting  is  proportional  to  the 

applied  K-time  history;  the  previous  applied  K  is  always  higher  than  the 
present  K;  the  effects  of  SCC  are  of  the  same  magnitude;  therefore  the  crack 
stops  at  a  higher  K  level. 

Other  Results  from  the  Literature 


One  now  asks  why  this  effect  was  not  observed  in  the  tests  by  Smith,  et  al. 
It  may  have  been  that  in  those  tests  the  crack  front  was  under  a  plane  strain 
condition  since  B  was  greater  than  2.  5  (K^scc/Y.S.  )^  and  blunting  was  sup¬ 
pressed  by  the  triaxial  state  of  stress  across  the  major  part  of  the  crack  front. 

Data  presented  in  the  literature  since  the  start  of  this  investigation  tend 
to  confirm  the  findings  in  this  report.  In  Reference  6,  SCC  tests  on  single 
edge  notched  (SEN)  tension  specimens  of  0.  01  inch  thick  Ti-6A1-4V  are  re¬ 
ported.  K|gcc  was  found  to  be  20  ksiV  in1 .  Even  though  the  specimens  had 
a  continuously  rising  K  versus  crack  length  curve  and  the  specimens  were 
tested  under  constant  load  conditions,  these  thin  specimens  experienced 
crack  arrest  at  K  levels  well  above  K^scc  (arrest  occurred  from  36  to  68 
ksiT^irT  ).  It  was  proposed  that  arrest  occurred  because  SCC  insensitive 
beta  grains  and  misoriented  alpha  grains  (SCC  occurs  on  one  plane  in  the 
alpha  grains)  occupied  a  critical  percentage  of  the  crack  front. 
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Figure  4.  Stress  Intensity  Versus  Crack  Length  for  Specimens  Shown 
in  Figures  1  and  2. 
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However,  if  the  results  of  Reference  6  are  interpreted  in  terms  of  the 
three  forces  acting  on  a  moving  crack,  more  confirmation  of  the  explanation 
previously  presented  for  an  arrested  crack  is  obtained.  The  higher  the  initial 
applied  K  level,  the  shorter  the  crack  growth  before  the  K -time  history  causes 
crack  blunting.  Crack  arrest  was  possible  because  of  the  extreme  thinness  of 
the  specimens. 

Observations  and  Considerations 

An  inspection  of  the  data  in  Table  III  reveals  a  number  of  data  points  which 
do  not  seem  to  fit  the  above  explanation  (See  data  points  8,  18  and  19).  In  these 
tests  even  though  K  was  above  Kascc  no  crack  growth  occurred.  However,  if 
consideration  is  given  to  footnote  b,  an  understanding  of  this  apparent  ambiguity 
is  obtained.  When  sufficient  time  elapsed  between  fatigue  cracking  and  SCC 
testing,  for  example,  overnight,  the  crack  front  blunted.  This  was  probably 
caused  by  a  number  of  factors  including  moisture  in  the  air  and  wedging  open 
of  the  crack  by  the  plastic  zone  at  the  crack  tip  allowing  moisture  to  enter. 

This  effect  of  crack  front  properties  varying  with  time  has  previously  been 
noted  and  is  pointed  out  in  Reference  5. 

Now,  considering  the  results  presented  herein  and  those  from  Reference 

1,  the  question  of  how  thick  a  specimen  is  required  to  obtain  correlation  be¬ 
tween  Kjscc  and  Kascc  should  be  approached.  As  previously  stated,  experi¬ 
mental  data  has  shown  the  minimum  thickness  requirement  for  obtaining 
valid  K jc  numbers  is  2.  5  (Kjc/Y.  S.)^.  When  this  thickness  criterion  is  met, 
all  Kic  numbers  generated  from  specimens  this  thick  or  thicker  have  the  same 
value.  In  the  valid  thickness  range  an  increasing  amount  of  constraint  does  not 
change  the  response  characteristics  of  the  material  at  the  crack  tip.  It  may 
then  be  speculated  that  this  same  thickness  criterion  may  be  imposed  to  ensure 
that  Kiscc  and  Kascc  are  the  same.  However,  this  speculation  will  have  to  be 
proven  through  experimental  investigation  similar  to  that  reported  in  Reference 

2. 


A  number  of  comments  on  the  advantages  and  limitations  of  the  WF  speci¬ 
men  are  in  order.  For  those  specimens  for  which  it  can  be  shown  that  Kjscc 
and  Kascc  are  equal,  the  main  advantage  of  the  WF  specimen  comes  from  re¬ 
ducing  the  number  of  specimens  and  consequently  the  time  required  to  develop 
threshold  K^scc  data.  This  of  course  will  require  further  investigation  to 
determine  the  testing  criterion  needed  to  insure  a  one-to-one  correspondence 
between  Kiscc  and  Kascc. 

On  the  negative  side  of  the  ledger,  the  material  size  requirement  and 
usable  K  range  of  the  specimen  are  of  significance.  The  WF  specimen  used 
in  this  investigation  required  three  times  the  material  required  for  a  CC 
specimen  but  fewer  specimens  may  be  required.  Also,  the  failed  halves  of 
the  WF  specimens  are  ideal  for  fabricating  other  smaller  specimens. 
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Also,  considering  the  large  size  of  the  specimens  tested  in  this  investi¬ 
gation  (6  inch  x  18  inch)  a  decreasing  K  range  was  obtainable  for  only  approxi¬ 
mately  0.  7  inch  of  crack  growth  (See  Figure  4).  This  corresponds  to  a  change 
in  K  of  1.  2P  ksi  V  in  where  P  is  in  kips.  For  the  purpose  of  these  tests  a 
load  of  approximately  1.  5  kip  was  employed.  This  gave  a  usable  K  range  of 
less  than  2  ksi  ~~i  in1 .  The  usable  range  of  the  crack  length  is  limited  by  the 
interaction  of  the  bolt  hole  with  the  stress  field.  Since  a  bolt  does  not  provide 
a  perfect  point  loading  condition  as  is  assumed  in  the  derivation  of  Equation  2, 
a  distortion  of  the  stress  field  occurs  for  some  distance  from  the  bolt.  Both 
References  1  and  3  refer  to  this  problem.  For  the  specimen  in  Figure  2,  this 
interaction  existed  for  a  half  crack  length  of  up  to  approximately  0.  7  inch. 
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SECTION  VI 


CONCLUSIONS 


1)  A  good  correlation  between  Kascc  and  Khgcc  will  exist  only  for  thick 
section  testing.  A  tentative  criterion  of  B>2.  5  (K^gcc/Y.  S.  is  probably 
a  valid  lower  limit  for  a  thickness  limitation. 

2)  For  valid  SCC  testing  of  fatigue  cracked  titanium  specimens  it  is 
imperative  that  testing  be  accomplished  as  soon  as  possible  after  fatigue 
cracking  is  completed.  This  must  be  done  to  insure  that  blunting  of  the 
crack  tip  does  not  occur  from  exposure  to  laboratory  air.  This  conclusion 
has  important  practical  implications  and  should  be  pursued. 
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